Abstract We monitored illuminated-minus-dark absorption difference spectra in the range of 450-1100 nm induced by continuous illumination at 8 K of photosystem II (PSII) core complexes from Thermosynechococcus elongatus. The photo-induced oxidation of the side-path donors Cytb 559 , b-carotene and chlorophyll Z, as well as the concomitant stable (t 1/2 [ 1 s) reduction of the first plastoquinone electron acceptor, Q A (monitored by the well-known 'C550' shift), were quantified as a function of the absorbed photons per PSII. The Q A photo-induced reduction data can be described by three distinct quantum efficiency distributions: (i) a very high efficiency of *0.5-1, (ii) a middle efficiency with a very large range of *0.014-0.2, and (iii) a low efficiency of *0.002. Each of the observed side-path donors exhibited similar quantum efficiency distributions, which supports a branched pathway model for side-path oxidation where b-carotene is the immediate electron donor to the photo-oxidized chlorophyll (P680 ? ). The yields of the observed side-path donors account quantitatively for the wide middle efficiency range of photo-induced Q A reduction, but not for the PSII fractions that exhibit the highest and lowest efficiencies. The high-efficiency component may be due to Tyr Z oxidation.
Introduction
In oxygenic organisms, photosystem II (PSII) catalyzes the light-driven oxidation of water and reduction of plastoquinone (Wydrzynski and Satoh 2005) . The light-harvesting antennae of PSII collect and transfer excitation energy to the reaction center, where the photoactive chlorophyll (Chl) pigment(s) (P680) initiates the redox chemistry. Photoinduced primary charge separation involving an excited state of P680 and the pheophytin bound to the D1 protein (Pheo D1 ) generates the P680
? Pheo D1 -radical pair. P680 ? Pheo D1 -is then stabilized by electron transfer to the plastoquinone, Q A (Wydrzynski and Satoh 2005) . At low temperatures, electron transfer from Q A to the second plastoquinone acceptor, Q B , is inhibited .
Under physiological conditions, the redox-active tyrosine residue bound to the D1 protein, D1-Tyr161, (Tyr Z ) donates electrons to P680
? . The tyrosyl radical that is formed is reduced by electrons taken from the Mn 4 Cacluster and ultimately from the substrate water. The Mn 4 Ca-cluster is the site of water oxidation in PSII. There are other redox co-factors in PSII that are also capable of donating electrons to P680
? and these are known as sidepath donors. This secondary pathway includes b-carotene (Car), the heme of the cytochrome b 559 subunit (Cytb 559 ) and a peripheral Chl known as ChlZ (Faller et al. 2001; Hanley et al. 1999; Hillmann and Schlodder 1995; Tracewell and Brudvig 2003; Tracewell et al. 2001) , which is reviewed in Faller et al. (2005) and Stewart and Brudvig (1998) . At physiological temperatures, Tyr Z oxidation greatly out-competes electron donation from the side-path electron donors (Faller et al. 2001 (Faller et al. , 2005 Stewart and Brudvig 1998) .
When the temperature is lowered, however, reduction of P680
? by Tyr Z and thence the Mn 4 Ca-cluster becomes inhibited. The temperature at which electron donation from Tyr Z becomes inhibited varies depending on the charge accumulation step in the enzyme cycle, the so-called Sstate cycle (Styring and Rutherford 1988) . When Tyr Z donation is inhibited by lowering the temperature, the charge separated state P680
? Q A -decays mainly by charge recombination with t 1/2 * 2-5 ms (Butler 1973; Faller et al. 2005; Hillmann and Schlodder 1995; Mathis and Vermeglio 1974; Murata et al. 1973) . Under these conditions the side-path electron donors are able to donate electrons to P680
? with a relatively low quantum yield, resulting in the trapping of Q A in its reduced state in the majority of the centers upon multiple turnovers.
At low temperatures, when Cytb 559 is pre-reduced, it is the terminal electron donor (Faller et al. 2001 (Faller et al. , 2005 Hanley et al. 1999; Hillmann and Schlodder 1995; Stewart and Brudvig 1998) . The redox form of Cytb 559 is however very sensitive to the environment, and either deliberate or inadvertent (e.g., due to PSII isolation protocols) biochemical modification of PSII results in the shift of Cytb 559 to a lower potential form and hence to a predominance of the oxidized heme (Faller et al. 2005; Stewart and Brudvig 1998) . When Cytb 559 is pre-oxidized, ChlZ and Car have been shown to be the terminal electron donors upon illumination at low temperature (Faller et al. 2001 (Faller et al. , 2005 Hanley et al. 1999; Hillmann and Schlodder 1995; Stewart and Brudvig 1998) . A model was proposed (Faller et al. 2001 (Faller et al. , 2005 Hanley et al. 1999) in which this side-pathway of electron transfer occurs with Car as the direct donor to P680
? and with Car ? being reduced by Cytb 559 or by ChlZ, depending on the redox state of the Cytb 559 .
The question of low temperature quantum efficiencies from side-path donors has relevance to recent reports that under some conditions metallo-radical EPR signals can be formed at liquid helium temperatures. These signals have been attributed to the Tyr Z radical interacting with various S-state configurations of the Mn 4 Ca-cluster (Nugent et al. 2002; Petrouleas et al. 2005; Zhang et al. 2004; Zhang and Styring 2003) . This seems to occur in only a fraction of the centers when PSII is in the S0, S1, and S2 states (Nugent et al. 2002; Petrouleas et al. 2005; Zhang et al. 2004; Zhang and Styring 2003) , and for the S0 and S1 states, at least, it occurs with a high quantum yield (Zhang et al. 2004) .
We have reported (Hughes et al. 2006 ) that the yield of stable Q A reduction in plant PSII cores as a function of absorbed photons per center is highly dispersive, indicative of a range of quantum efficiencies spanning several orders of magnitude. This is potentially understandable in terms of multiple donors, where each terminal donor exhibits a specific range of quantum efficiencies for photo-induced oxidation. Such a situation would be distinctly different to the branched pathway model (Faller et al. 2001 (Faller et al. , 2005 Hanley et al. 1999) in which Car oxidation would be the rate-limiting step, and thus the quantum efficiency distributions for photo-induced oxidation of all the terminal side-path donors should be the same.
In the same work (Hughes et al. 2006) , we also found that there was a significant fraction of centers (*30%) that could be described with high quantum efficiency (*0.7). However, oxidation of side-path donors has been reported to occur with a low quantum efficiency B *0.1 (Faller et al. 2001 (Faller et al. , 2005 Hillmann and Schlodder 1995) , and the characteristic metallo-radical EPR signals associated with the high-efficiency Tyr Z oxidation are not observed in samples containing glycerol (Zhang et al. 2004) , such as those used for our optical studies (Hughes et al. 2006) . The previous reports of low yield side-path electron donor oxidation have provided single saturating flash quantum yields, but no quantification of the distribution (Faller et al. 2001; Hillmann and Schlodder 1995) . There are three points that require clarification: (i) quantification of the distribution of quantum efficiencies for oxidation of sidepath electron donors, (ii) identification of the donor involved in the high-efficiency fraction of low-temperature photo-induced Q A reduction in samples used for optical spectroscopy, and (iii) determination of whether the sidepath electron donors (Cytb 559 , Car, ChlZ) account for all the terminal electron donors to Q A in low-temperature illuminations. The purpose of the work presented in the current report is to address these issues.
Materials and methods
Thermosynechococcus elongatus core complexes were prepared from a 43-H strain, which has a His-tag on the Cterminus of CP43 (all psbA genes and psbD genes are intact) as described in Sugiura and Inoue (1999) with the modifications in Boussac et al. (2004) . All subsequent sample handling was performed under dim green light.
For optical measurements, samples were diluted with *40% of a 1:1 (v:v) ethylene glycol:glycerol glassing agent and syringed into a *200 lm path-length quartzwindowed cell assembly (Hughes and Krausz 2007) . The cell assembly was attached to the sample rod, which was inserted into lock chamber mounted on a He flow-tube system, and then dark-adapted for *40-50 min at room temperature to allow relaxation to the S1Q A configuration. The lock chamber was then opened to He flow, and the sample was cooled to *8 K over a time period of \60 s.
A purpose-built CCD-based spectrograph was used for optical measurements, and is described in detail elsewhere (Steffen et al. 2008 ). This instrument allows absorption spectra from *450 to 1100 nm to be collected with *30 ls time resolution, although for this work an *100 ms gate was used. This system allows for external illumination of the sample to be automated and synchronized with the absorption measurement. The external illumination was continuous, and momentarily stopped using a shutter system while the absorption measurement was taken. The absorption difference spectra measured in this work were those measured after illumination minus the ''dark'' spectrum measured before any external illumination.
We also used the purpose-built monochromator-based spectrometer to monitor Q A -formation via the C550-shift, as reported previously for plant PSII (Hughes et al. 2006) . This was to check consistency with our previous work that monitored only the C550-shift via a scanning monochromator, and our new approach that monitors the entire 450-1100 nm absorption spectrum simultaneously using the new purpose-built instrument. Our data collected using the scanning monochromator system are shot-noise-limited, and so an analysis of the statistical noise in the signal for each 530-570 nm scan of the Pheo Q x region established that the sample was exposed to *4 photons per 1000 PSII (for an example of such calculations using the shot-noise characteristic, see the supporting information of Peterson Å rsköld et al. 2003) . The CCD-based spectrograph is close to shot-noise limited (Steffen et al. 2008) . In a control experiment using the CCD-based spectrograph with no external illumination, there was no detectable Q A -formation (C550 shift) or side-path donor oxidation when 30 spectra were collected. When a low fluence external illumination was applied, after the collection of 30 spectra there was *40% Q A reduction (at this time *10 photons were absorbed per center). Thus, the close correspondence of the photo-conversion data obtained using the two systems (see ''Results'' section) show that the actinic light of the CCD-based spectrograph used for the absorption measurements did not induce any significant Q A -formation or side-path donor oxidation.
Illumination of the samples was either via the 514 nm line of a Spectra Physics Model 171 Ar
? laser defocused at the sample or a 150-W tungsten-filament quartz-halogen lamp passed through a 10 cm water bath and green filter stack, and then focused at the sample (Hughes et al. 2006 ). The lamp ? filter stack produced a maximum output of 5 mW/cm 2 at the sample, peaking at *540 nm with FWHM * 50 nm. Neutral density filters were used to reduce the illumination fluence as required. Measurement of the spectral profile of the lamp ? filter stack output allowed calibration of the number of photons incident at the sample for a given illumination, as described previously (Hughes et al. 2006 ).
Results
Absorption difference spectra Figure 1 shows the 450-1100 nm absorption region of a T. elongatus core complex at 8 K. The absorption spectrum before any illumination is shown as the black trace, where the Chl Q y (0,0) absorption region can be seen peaking maximally at *670 nm, and the Car absorption bands contribute to the features at *480 and *500 nm. The a Qband of the heme group of Cytb 559 absorbs at *557 nm and the Pheophytin a (Pheo) Q x transition at *544 nm. In the T. elongatus preparation used, the presence of some bilin pigments contributes a broad absorption in this region and makes quantification of the Cytb 559 and Pheo features in the absorption spectrum somewhat difficult. Features associated with these absorption bands are clearly observed in the illumination-induced difference spectrum (grey trace, Fig. 1 ), discussed below. Figure 1 (grey trace) also shows a typical after-minusbefore illumination difference absorption spectrum that was induced by green light, where the well-known C550-shift (Knaff and Arnon 1969; van Gorkom 1974 ) that identifies Q A -formation via an electrochromic shift of the Pheo D1 Q x band can be seen. This shift is concomitant with a decrease in the a Q-band absorption of reduced Cytb 559 at *557 nm and the appearance of Car ? absorption as the broad band peaking at *980 nm (Faller et al. 2001; Hanley et al. 1999; Schenk et al. 1982; Tracewell et al. 2001 ). In the Chl Q y (0,0) region there are a number of features in the difference spectrum that could be attributed to electrochromic effects on Chl and Pheo pigments due to either Photosynth Res (2008) 98:199-206 201 Q A -or the oxidized donor, or both. Such features are not the subject of the current report and are not discussed further. The difference spectrum can be used to identify a net bleaching in the Q y (0,0) region. To first order, electrochromism of the Chl and Pheo p-p* transitions will not induce any net change in oscillator strength, and so we use the net Q y (0,0) bleaching as a measure of Chl ? formation. With the current data set we consider this a more reliable method of estimating the amount of ChlZ oxidation than estimation of the Chl cation absorption in the *850 nm region, due to its weak extinction coefficient (e * 6000 M -1 cm -1 ; see Faller et al. 2001 and references therein), and the possible contribution in this region of vibronic transitions associated with the much more strongly absorbing Car cation (e * 130,000 M -1 cm -1 ) (Faller et al. 2001) .
To quantify the amount of photo-induced Q A -reduction and side-path donor oxidation, we monitored the absorption spectrum as a function of time during continuous illumination, as described in the ''Materials and methods'' section. The peak-to-peak DA of the C550-shift was used to quantify Q A reduction. By comparison with the photoconversion curves reported in Hughes et al. (2006) where the absorbed fluence required to convert 95 ± 5% of PSII core complexes to the stable Q A -state was established, we were able to calibrate the amount of Q A -formation in the experiments in the present report.
The DA of the Cytb 559 *557 nm bleach and the *980 Car ? absorption were used to quantify Cytb 559 and Car oxidation. We used the extinction coefficient for the reduced form of Cytb 559 at room temperature reported by Kaminskaya et al. (2005) of 25,000 M -1 cm -1 , where the FWHM is 10.7 nm. At low temperature the width was FWHM = 6.5 nm, and so the corrected low-temperature extinction coefficient that we used was 41 9 10 3 M -1 cm -1 . We used an extinction coefficient of 130,000 M -1 cm -1 for Car ? (Mathis and Vermeglio 1972) as used by Faller et al. (2001) at low temperature. Based on 35-36 Chls and 2 Pheos in a T. elongatus core complex (Ferreira et al. 2004; Loll et al. 2005) , the net area of the difference spectrum in the Chl Q y (0,0) region from 648 to 700 nm was used to quantify the amount of ChlZ oxidation.
Fluence dependence of Q A reduction and side-path donor oxidation Figure 2 presents the photoconversion curves for the fraction of Q A reduction (green) and side-path donor oxidation (Cytb 559 , blue; Car, red; ChlZ, purple) at 8 K as a function of the absorbed photons per PSII. A family of theoretical photoconversion curves that each assumes all PSII centers have the same single quantum efficiency are also shown (black dashed traces) for each decade of quantum efficiency from 1 to 10 -3 . Comparing the data to the theoretical curves, it is evident that the quantum efficiencies for photo-induced Q A -reduction and side-path donor oxidation are distributed over several orders of magnitude. The Q A -data agree well with that reported earlier for plant PSII (Hughes et al. 2006) .
The triangles (Fig. 2) are data for 1.7 K Q A -formation of T. elongatus obtained in this work using the scanning monochromator system employed previously (Hughes et al. 2006) . The other data were obtained with the CCDbased spectrograph. Two sets of data obtained using the CCD-based spectrograph are presented, where the illumination fluences were 0.05 and 0.5 mW/cm 2 , corresponding to *0.3 and *3 absorbed photons per PSII per second. This was necessary to obtain data points in both the high and low efficiency ends of the photoconversion curves without requiring long ([5 min) illumination times where Donor ? Q A -charge recombination can become significant. Donor ? Q A -recombination processes occurring on timescales \5 min accounts for the difference between the Q x data obtained using the scanning monochromator system and the CCD-based spectrograph. Using the scanning monochromator system, the readout process of the Pheo Q x region requires *5 min following termination of the illumination. However, for the CCD-based spectrograph, the entire absorption spectrum is measured in parallel, and in this work was done so with a gating period of *100 ms. This suggests that the high-efficiency component exhibits a relatively fast Donor ? Q A -recombination time, with t 1/2 \ 5 min.
All the side-path donors exhibit similar photoconversion curves, with no clear association of a particular donor with a specific quantum efficiency or range of quantum efficiencies. For the side-path donors, there appears to be some difference between the low and high fluence data, particularly for Cytb 559 and Car. A thorough discussion of such phenomena requires a more extensive study of the fluence dependence than reported here. The accumulated contributions of all the observed side-path donors is also shown (grey traces), and for these traces the low and high fluence data agree very well, as do the high and low fluence data for Q A -formation. The data in Fig. 2 establish that Cytb 559 , Car, and ChlZ do not account for all the electron donors to Q A . At no point in the photoconversion does the fraction of oxidized side-path donors match the fraction of Q A -formation. There is at least *15-20% of PSII centers in which the donor is unaccounted for, and this deficiency becomes greater for longer illuminations. After approximately 10 3 absorbed photons per PSII, where *95% of centers contain stable Q A -, *40% of the electron donors are unaccounted for by the known side-path donors. Additionally, the PSII fraction that exhibits highest quantum efficiency of Q A -formation shows very little contribution from the side-pathway donors, suggesting that electron donation for this process is from a different source.
Discussion

Quantum efficiency distributions
A minimal approach to modeling the data in Fig. 2 is to fit it to a limited number of distinct PSII fractions, each exhibiting a well-defined quantum efficiency of photoconversion. Two distinct quantum efficiencies are not sufficient to describe the Q A -photoconversion data. The light-induced Q A reduction data obtained using the scanning monochromator system (triangles, Fig. 1 ) can be fit with three quantum efficiencies of 0.46, 0.032, and 0.0025 with respective amplitudes of 29, 42, and 29%. The Q A -formation data obtained with the CCD-based spectrometer can also be fit with only three quantum efficiencies, having values of 0.54, 0.022, and 0.002, with respective amplitudes of 35, 40, and 25%; however, this fit does not describe the high-quantum efficiency end very well. A better fit can be obtained with four quantum efficiencies, but in this case the fit depends somewhat on the starting parameters and is not unique. The ranges of the four quantum efficiencies are 0.5-1, 0.13-0.15, 0.015, and 0.002, with respective amplitudes of 20-25%, *20%, 30-35%, and 20-30%. The middle efficiency of 0.022 that was determined in the three-quantum-efficiency fit then appears mostly as an average of the 0.13-0.15 and 0.015 efficiencies.
The side-path donor photo-induced oxidation data can be adequately described with only two quantum efficiencies of 0.15 and 0.008, and approximately equal amplitudes both of which correspond to *30% of the donors per PSII following full Q A -formation. Using three quantum efficiencies in the fit describes the lower efficiency end slightly better, and gives quantum efficiencies of 0.18, 0.014, and 0.0014, with amplitudes (of the donors per PSII following full Q A -formation) of 25, 25, and 10%. The Q A and side-path donor photoconversion data can be described by PSII fractions with distinct quantum efficiencies that differ by orders of magnitude. However, it seems likely that there is a continuous distribution of quantum efficiencies for these reactions, as seen for P ? Q A -recombination in the purple bacterial reaction center (e.g., see McMahon et al. 1998) . We consider that our modeling of the photoconversion data using distinct PSII fractions Photosynth Res (2008) 98:199-206 203 with specific efficiencies represents a good initial description to the actual quantum efficiency distributions. We conclude that Q A photo-induced reduction can be modeled by three distinct quantum efficiency ranges of *0.5-1, *0.014-0.2, and *0.002. The fraction of PSII centers that correspond to each distribution is approximately 20-30%, 40-60%, and 20-30%, respectively. The side-path donors are able to account quantitatively for the middle efficiency range, with some contribution to the lowest efficiency fraction. The high-and low-efficiency fractions are not completely accounted for by any donor we have been able to identify with an absorption in the visiblenear-IR region.
We note that there is some variability in the extinction coefficients for the Car cation radical found in the literature, with reported values of 130,000 M -1 cm -1 (Mathis and Vermeglio 1972), 160,000 M -1 cm -1 (Moore et al. 1984) , and 218,000 M -1 cm -1 (Dawe and Land 1975) . The value of 130,000 M -1 cm -1 was chosen to best account for the fraction of oxidized side-path electron donors that we observe. Within our estimates for the ranges of fractions and efficiencies, the lower yield that would arise from using the highest extinction coefficient makes little difference to the results presented here. Approximately 40-60% of PSII centers contribute to the middle efficiency fraction of Q A -formation, and using a Car ? extinction coefficient of 130,000 M -1 cm -1 we determined that the side-path electron donors quantitatively account for this fraction.
From the literature, the most likely candidate for the high-efficiency donor is the species responsible for the metallo-radical EPR signal, which is attributed the Tyr Z (Nugent et al. 2002; Petrouleas et al. 2005; Zhang et al. 2004; Zhang and Styring 2003) . These signals are photoinduced with high quantum efficiency in a sub-fraction of centers and are reversible with decay t 1/2 of the order 2-5 min. Oxidation of Tyr Z in *20-30% of centers is consistent with estimates (Zhang et al. 2004 ) from EPR measurements in T. elongatus samples where the characteristic metallo-radical signals are observed, i.e. in samples without glycerol. We did not observe any metallo-radical EPR signals in the samples used in this study, where ethylene glycol:glycerol (1:1, v/v) was added as a glassing agent. Indeed, Zhang et al. (2004) found that glycerol inhibits the metallo-radical EPR signals associated with Tyr Z oxidation in T. elongatus. Our finding suggests that Tyr Z might undergo oxidation at low temperature but without giving rise to the typical metallo-radical EPR signal. Small changes in the electronic coupling between the radical and the metal and/or changes in the relaxation properties could lead to a loss of the characteristic form of the signal. This is not unprecedented in this system; indeed, significant solvent-induced changes in the EPR properties of relevant species in PSII have been reported previously (Å hrling et al. 1997; Deák et al. 1999; Force et al. 1998; Messinger et al. 1997) . Specific experiments are required to test the whether Tyr Z
• is responsible for the high-quantum efficiency fraction of terminal electron donors.
The distribution in quantum efficiencies over 2 orders of magnitude that we have observed for side path donor oxidation is likely to be due to variations in the relevant electron transfer rates. We consider that a range of the relevant electron transfer parameters (Marcus and Sutin 1985; Moser and Dutton 1996) could arise from a distribution of conformational states of the protein that are 'frozen in' when the sample is cooled to cryogenic temperatures (Lubchenko et al. 2005) . McMahon et al. (1998) have discussed in detail the effect of conformational states on the distribution of electron transfer rates for P ? Q A -recombination in Rhodobacter sphaerdoides. Protein conformational states in PSII have also received discussion, for example in the distribution of S2Q A -? S1Q A recombination rates inferred from thermoluminescence studies (Fufezan et al. 2007; Rappaport et al. 2005) .
Comparison with literature saturating flash data When comparing saturating flash and continuous illumination data, we point out that the short pulse duration of the saturating flash (*ns), compared to the P ? Q A -recombination time (*ms), ensures that each reaction center is effectively excited only once per flash. For continuous illuminations the total number of absorbed photons per center represents an average value, and consequently there will be some centers that receive fewer excitations. This effect will become less significant for prolonged continuous illuminations. The saturating flash data represent an upper limit for what could be expected from the continuous illumination data, for example when comparing one saturating flash to a continuous illumination average of one absorbed photon per center.
Our results are consistent with those of Vermeglio (1974, 1975) who studied spinach chloroplasts at *100 K and found (via the C550-shift) the single flash yields of Q A -to be *20% when Cytb 559 was pre-oxidized, and *25% when Cytb 559 was pre-reduced. For an average of one absorbed photon per center we also see *20% fraction of reduced Q A - (Fig. 2) . The quantum yield of side-path donor oxidation in T. elongatus core complexes following a single saturating flash at 77 K has been determined by Hillmann and Schlodder (1995) to be *5% when Cytb 559 was pre-oxidized and *9% when Cytb 559 was pre-reduced. This is consistent with our results presented here, where the total sidepath oxidation after an average of one absorbed photon per center was *5% (Fig. 2) . In the work of Hillmann and Schlodder (1995) Hillmann and Schlodder (1995) used the initial slope of a fit to their data to determine the single flash quantum yield.
The same method was employed by Faller et al. (2001) for spinach PSII-enriched membranes at 20 K where from a monoexponential fit to their data they determined the single flash yields of secondary donor oxidation to be *8% (Cytb 559 pre-oxidized) and *12% (Cytb 559 pre-reduced). This saturating flash data are also compatible with our continuous illumination results (Fig. 2) , and the slight difference could simply be due to the different preparations. The results of Faller et al. (2001) also suggest that after 10 flashes, the total yield of stable Q A -is *40% when Cytb 559 was pre-oxidized and *50% when Cytb 559 was pre-reduced. This is consistent with our results (Fig. 2) . Hillmann and Schlodder (1995) also found that there was a gradual decrease in amplitude of the P680
? Q A -transient signal at 820 nm over *600 saturating flashes. The pattern of decrease with each pulse indicated the presence of more than one component and was interpreted as indicative of at least two characteristic efficiencies. After 600 saturating flashes, a residual transient signal remained, which did not exhibit further decrease. This was associated with a fraction of the sample in which there was no stable Donor ? Q A -formation. These results seem to be consistent with our data and interpretations, where the sidepath donors exhibit a quantum efficiency distribution spanning *2 orders of magnitude.
Conclusion
We have characterized the photo-induced oxidation yields of the established side-path donors in PSII at cryogenic temperatures. All exhibited similar quantum efficiency distributions, which supports the branched pathway model. We conclude that the large distribution of photo-induced Q A reduction efficiencies is due to three distinct sets of donors: (i) an unidentified donor, which from consideration of the literature we assign to Tyr Z (high efficiency, *20-30% of electron donors), (ii) the known side-path donors Car, ChlZ, and Cytb 559 (middle efficiency, *40-60% of electron donors), and (iii) a donor not exhibiting absorption in the visible-near-IR region (low efficiency, *20-30% of electron donors). We plan to monitor Tyr Z oxidation by optical spectroscopy in the UV region by extending the operability of the CCD-based spectrograph to the 200-400 nm range. This capacity may also help to identify the lowest efficiency donor, which is possibly an amino acid.
